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FOREWORD 

The  motivation  for  the  research  reported  in  this  document  was  to 
simulate  the  low-level wind and  turbulence  profiles  associated  with both 
local  thunderstorm  gust  fronts  and  synoptic-scale  warm  fronts  using  the 
Aeronautical  Research  Associates of Princeton,  Inc. (A.  S. A .  P. ) model 
of turbulent  flow in the  atmospheric  boundary  layer.  The  sensitivity of 
the  thunderstorm  gust  front  to  five  dimensionIess  parameters is examined 
a s  well a s  the  sensitivity of the  warm  front  to  variations in the  Rossby 
number.  Conclusions  resulted  from  the  study  relative  to  conditions  which 
lead  to wind shears  hazardous  for  aircraft  operations. 

This  research  was conducted by Aeronautical  Research  Associates 
of Princeton  for  the  National  Aeronautics  and  Space  Administration, 
George C. Marshall  Space  Fright  Center,  Huntsville,  Alabama,  under  the 
technical  direction of M r .  Dennis W. Camp and M r s ,  Margaret B. Alexander 
of the  Space  Sciences  Laboratory.  The  support  for  this  work  was  provided 
by Mr .  John  Enders of the  Aeronautical  Operating  Systems  Division,  Office 
of Advanced  Research  and  Technology, NASA Headquarters. 
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NOMENCLATURE 

ambient  horizontal  convergence  surrounding  the  thunder- 
storm  downdraft 
Coriolis  function sec-1 
gravitational  constant 
height  of  computational  domain;  also  height  at  which  down- 
draft  is  released 
Margules'  parameter  for  the  slope of  a  front (Au fTo/gAB) 
pressure 
total  turbulent  velocity  fluctuation 
radial  coordinate 
Rossby  number (u /fzo) 

&. 
reference  temperature  taken  as 300°K in  the  simulations 
mean  radial  velocity  for the  gust front,  or  mean  horizontal 
velocity  parallel  to  the  warm  front 
geostrophic  velocity  parallel  to  the warm  front 
mean  horizontal  velocity  normal to the  warm  front 

g 

geostrophic  velocity  normal  to  the  warm  front 
mean  vertical  velocity 
characteristic  velocity  in  the  downdraft  (glA0 
vertical  coordinate 
change  in u across  the  warm  front 
change  in 0 across  the  warm front, or  defect 
the  downdraft . 
component  of  vorticity 
stream  function 
ambient  potential  temperature  lapse  rate 
macroscale  of  turbulence 
dens  i ty 
virtual  potential  temperature 

g 
in 0 within 

spread of imposed  downdraft  at  the  top of the  domain 

Contour  notation  for  the  figures: 

All contours  except  in  Figs. 25-28 are  labeled  as  a 
multiple of the  normalizing  value. 
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Contour - .  notations  for  the  figures  (continued) 

A0 =-1O0K and  h = 1.6 km is  equal  to 2 2 . 8 7  m/sec.  Dimensional 
times  and  length  scales  shown  are  for  these  particular  values 
of A0 and  h . In Fig. 20 where i? = 0 , velocities  are  still 
normalized  by 2 2 . 8 7  m/sec  for  ready  comparison  with  the  other 
figures . 

Velocities  in  Figs. 2 - 2 4  are  normalized  by f3 , which  for 
~- - 

Velocities  in  Figs. 29-36 are  normalized  by Au or  the 
maximum  value  indicated  in;  the  figure  title. 

Temperatures  in  all  figures  are  normalized  by  the  appropriate 
A0 . 

Pressure  perturbations  in  Figs. 2 5 - 2 8  are  given  directly  in 
millibars  for A0 =-1O0K and 11 = 1.6 km . For  other  values 
Ap should  be  scaled  by (gA0h). 
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I. INTRODUCTION 

The  investigation  of  aircraft  accidents  as  well  as  model 
simulation of wind  distributions  in  the  lowest  500  m  of  the  at- 
mosphere has shown  that  strong  fronts  are  a  major  source  of 
hazardous  wind  shear  conditions  (Refs. 1 and 2). In this  report, 
we will  simulate  two  types  of  hazardous front  conditions. The 
first is  the  local  gust  front  created  by  the  rain-cooled  outflow 
from  a  severe  thunderstorm.  The  second is the  synoptic-scale  warm 
front  with  its  stable  temperature  gradients  leading  to  high  wind 
shear  at  relatively  low  values  of  turbulence. 

The  numerical  simulations  described  herein  were  performed 
using  a  computer  model  developed  at  A.R.A.P.  over  the  last few 
years  to  solve  for  the  velocity,  temperature  and  turbulence  dis- 
tributions  in  the  atmospheric  boundary  layer  (Refs. 3-8) .  Details 
of  our  atmospheric  boundary  layer  model,  based  on  invariant 
modeling  for  the  closure  of  the  dynamic  equations  of  the  ensemble- 
averaged,  single-point,  second-order  correlations  of  the  fluctuating 
velocities  and  temperature,  are  given  in  Ref. 9. The  basic  assump- 
tion  is  that  the  third-order  correlations  of  the  velocity fluc- 
tuations  depend  upon  the  second-order  correlations,  the  mean 
flow  properties,  and  their  derivatives  in  an  invariant  manner 
with  respect to changes  in  flow  geometry.  This  permits  data 
from  relatively  simple  flow  experiments  to  be  used  in  evaluating 
the  necessary  coefficients in the  modeled  terms. 

Downdrafts  from  a  thunderstorm  have  been  a  contributing  fac 
tor  in  several  specific  aircraft  accidents, e.g., at JFK Air- 
port on  June 2 4 ,  1975,and  at  Denver on August 7, 1975.  These 
and  other  similar  accidents  have  been  considered case-by-case 
in  Refs. 7-10. The  present  report  uses  the  general  gust  front 
model  to  determine  the  sensitivity of the  gust  front  structure 
to  variations  in  the  basic  governing  parameters. In this way, 
we  determine  what  conditions  lead to the  most  severe  wind  shear 
conditions  below  500  m  altitude. 

The  structure  and  evolution  of  the  gust  front  as  predicted 
by  the A.R.A.P. model  for  nominal  conditions  has  been  presented 
at  the  10th  Conference on  Severe  Local  Storms,  October 18-21, 1977 ,  
Omaha, Nebraska.  This  paper  is  included  herein  as  Appendix A. 
It includes  a  detailed  listing  of  the  equations  used  for  the 
axisymnetric  model  simulation. 

Several  accidents  have  also  been  associated  with  warm  fronts 
(Ref. 2 ) .  The  warm  front  represents  a  stable  balance  between 
geostrophic  and  hydrostatic  forces.  The  warm  front  simulations 
presented  herein  use  the  same  basic  model  as  the  thunderstorm  gust 
front  with  Coriolis  forces  added. The big  difference in type  and 
scale  is  accomplished  by  changes  in  the  boundary  conditions. 'Xhile 
the  thunderstorm  gust  front  model  follows  the  time  evolution  for 
typically 15-20 minutes  simulation,a few hours  are  required  for  the 
development  of  the  warm  front.  A  review  of  the  essential  features 
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of the  model  as  related  to a  warm  front,  its  physical  scaling, 
and  simulation  results  are given  in  Section 111. 
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11. THUNDERSTOPM  GUST  FRONT 

In this Section, we will  first  briefly  review  the  model. 
Next, we will  present  the  physical  scaling  of  the  phenomena in 
order  to  clarify  the  dimensionless  parameters  governing  the  flow. 
Third, we will  present  the  results of several  individual  numerical 
simulations  to  exemplify  the  variation  induced  by  different  para- 
meters.  Finally, the  results  of  the  scaling.and..numerical  simula- 
tions will  be  used to  discuss  the’  conditions which lead  to  the 
most  severe  wind  shear  conditions  below 500 m  altitude. 

Review  of  Model 

The  simulated  flowfield  is  illustrated  in  Fig. 1 of Appendix 
A. The  downdraft  may  be  simulated  as  either  an  axisymmetric  or  a 
plane  cold jet impinging  on  the  ground  and  spreading  outward. 
It is  driven  by  its  negative  buoyancy  as  represented  by  a  defect 
in  the  potential  temperature  of  the  downdraft  with  respect  to  its 
surroundings. The complete  equations  are  given in an  axisymmetric 
coordinate  system  at  the  end  of  Appendix  A.  To  obtain  the  equa- 
tions  in  a  two-dimensional,  planar  coordinate  system,the  radius 
r  can  be  allowed  to  approach 00 . In this process,  all  of the 
variables-with  the w a ~ y  overbar  should  be  multiplied  by  r , i.e., 
rii = Q‘, rU = U , rtiw = uw , and rule = ue . - - 

At  the  beginning of the  simulation  the  cold  shaft  of  air  is 
released  with  some  initial  downward  velocity  at  the  top  of  the 
domain. The ground  surface  is  represented  by  an  effective  aero- 
dynamic  roughness  and  a  surface  temperature.  The  ambient  air 
status  is  represented  by  a  lapse  rate  and  the  horizontal  conver- 
gence  induced  by  the  parent  thunderstorm. 

A s  the  downdraft  impinges  on  the  ground  and  spreads  outward, 
it  creates  the  local  gust  front.  Under  proper  soil  conditions, 
it  picks  up  enough  dust  for  the  leading  edge  to  be  clearly  visible 
as  in Fig. 1. When  the  simulated  front  given  in  detail  in  Ap- 
pendix A is  visualized  in  terms  of  temperature  defect  intensity, 
with the  vertical  and  horizontal  dimensions  shown  to  the  same scale, 
the  leading  edge  appears  as  shown in  Fig. 2. The strong  quanti- 
tative  similarity  between  Figs. 1 and 2 is  readily  apparent. The 
quantitative  predictions  also  appear  consistent  with  available 
observations. 

Physical  Scaling 

The  dimensional  variables  affecting  the  downdraft  are  the 
potential.  temperature  defect, A @  ; the height,  h , of  the  poten- 
tial  temperature  defect;  the  surface  roughness, zo ; the  ambient 
lapse rate, ra ; the  ambient  convergence,  Ca = aWar/rar ; and 
the  vertical  velocity “j , and  spread o of the  downdraft  at  the 
top of  the  domain. In forming  the  dimensionless  variables,  it  is 
necessary  to  add  one  constant,  the  ratio of gravity,  g , to  the 
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reference  temperature To . When h is  chosen  as  the  charac- 
teristic  lFngth, Af3 the  characteristic  temperature  and 
(IAOIhg/To) 2 = G , the  characteristic  velocity;  the flow may  be 
specified  in  terms  of  the  following  five  dimensionless  para- 
meters 

w./G , zo/h , rah/Af3 , Cah/Q , o/h 
J 

The unsteady  time  evolution  may  then  be  viewed  in  terms  of  the 
dimensionless  time  tG/h . Since  the  turbulence  correlations  are 
all  being  determined  by  the flow, they  should  all  scale with Q 
and Af3 . There  is  the  possibility of introducing  another  variable 
in  association  with  the  surface  temperature.  However,  in  the 
present  model runs, the  surface  temperature  has  been  set  equal  to 
the  ambient  air  temperature  at  the  surface. 

The  advantage  of  the  above  normalization  is  that  the  results 
of  one  model  simulation  can  be  used to  determine  the  flow vari- 
ables  for  other  values  of A8 and  h . The  model  simulation 
results  given  in  Appendix A for A0 =-1O0K h = 1.6 km , 
0 = 2 km , z = 1 m , ra = 0 , and  Ca = $ x 1 0 - 4  sec , have 

0 

w./Q = 0 . 4 3 7  

z /h = 6 . 2 5  x 10-4  
J 

0 

a/h = 1.25 

rah/AO = 0 

Cah/Q = 0 . 0 4  

These  results  are  valid  for  other  values  of A 0  and  h  ‘as  long 
as  all  velocities  are  scaled  by G , all  lengths  by  h , and  all 
temperatures  by A 0  . The  only  restriction  is  that  the  dimension- 
less parameter  values  given  in Eq.  (2) must  be  maintained.  The 
dimensionless  character  of  the  gust  front  may  be  expected  to 
vary  as  these  governing  parameters  vary. 

The  evolution  of U , 8 , W and q 2  is  shown  in  Figs. 
3 - 6  for this  typical  model run. In  these figures, we show only 
the  bottom 5 0 0  m of the  flow,  since  for  aircraft  operations  this 
is  the  region of  greatest  concern. 

In the  next  section,  the  results of a  number  of  model  simula- 
tion  runs  are  given  to  elucidate  the  influence  of  varying  the 
five  dimensionless  parameters. 

Sensitivity  to  Dimensionless  Parameters 

In this  section we present  the  results of eleven  individual 
model  simulations  for  different  combinations  of  the  dimensionless 
parameters  given  in E q .  (1). This  by no means  exhausts  the  pos- 
sibilities,  but  it  does  provide  a  good  indication  of  the  variability 
to  be expected.  The  nominal  values of the  parameters  used in the 
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simulation  in  Appendix  A  and  given  in E q .  (2) are taken  as  the 
base  values  and  each  of  the  parameters  allowed to  vary in turn 
with the  others  held  fixed.  Table 1 summarizes  the  input  para- 
meter  values, and  gives  a few key measures  of  the  simulation  out- 
put.  Three  simulations  of  a  two-dimensional,  planar  downdraft 
are  also  included in Table 1. 

A quick look at  Table; 1 shows  that  the  phenomenon  is  quite 
similar  throughout  most  of  the  range  of  the  parameters  considered. 
Within  the  axisymmetric  cases,  the  parameter  which  induces  most 
influence  is  a/h . Too narrow  a  downdraft  gets  destroyed  by 
turbulent  mixing  before  it  reaches  the  surface.  Thus  when 
a/h 5 0.1 the  gust  front  does not get  a  chance  for  effective 
formation.  At  larger  values of a/h  the  maximum  horizontal  gust 
velocity  is  relatively  independent  of  a/h , but  the  depth  of  the 
outflow  is  increased  as  a/h  increases.  Thus  the  larger  a/h , 
the  slower  the  decrease in U as  the  gust  spreads  radially  out- 
ward. 

The  sensitivity  to  a/h  may  be  seen  in  greater  detail  by 
comparing  Figs. 7-9 with the  corresponding  curves  in  Figs. 3 and 4 .  
The  erosion of the  temperature  defect  before  it  reaches  the  ground 
is  clearly  evident  in  Fig. 6a for  the  small  value  of  a/h = 0 . 0 6 2 5 .  

The  influence  of zo/h is  seen  by  comparing  Figs. 10 and 11 
with  the  corresponding  curves  in  Figs. 3 and 6 .  Increasing  the 
roughness  does  increase  the  turbulence  level  modestly, but, even 
an  increase  of  a  factor  of 100 does not  raise the  height  at 
which  the  maximum  horizontal  velocity  occurs  as  much  as  might  be 
expected. At the  simulation  time of 1000 sec, the  height  of Urnax 
in  the  outer  region of the  gust  is  only  raised  from z =: 30 m 
to z z 65 mby increasing zo by 100 times. 

The  influence  of  changing w./9 may  be  seen  by  comparing 
Figs. 10 and 11 with  Figs. 1 and 3. Increasing W j  /Q has  two 
effects. It increases  Umax  approximately  by a factor  of 
(1 + wj/02)k and  it  slightly  increases  the  depth  of  the  outflow 
layer. 

The  influence  of  changing  the  ambient  stability  as  represented 
by  the  parameter I? h/A0 may  be  seen  by  comparing  Figs. 1 4 - 1 6  
with  Figs. 3 ,  4 an8 6 .  The  major  influence  appears to  be  to in- 
crease  the  depth of the  outflow  layer  in  the  unstable  case  with 
only  a  slight  reduction  in  depth  for  the  stable  case.  In  the 
stable case, most  of  the  influence  of  the  change  could  be in- 
corporated  into  the  scaling  by  noting  that  the  effective  poten- 
tial  temperature  defect  is  decreased.  By  keeping  the  defect  the 
same  at  the  top of the  domain,  the  ambient  stability  forces  it  to 
be  less  at  the  surface. 

The  least influential  parameter  in  these  runs  was  the  value 
of  the  ambient convergence,  as  may  be  seen  from  Figs. 17 and 18. 
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TABLE I 
Gust  Front Model  Parameters 

r h  C h  2 z 

Simulation 
il 2 0 U a a 'max  'max r U max@5km @urnax z 

- 
W 

- 
h h ae" W 0 " -  Ti 0 

- 
ti3 

(@ = 1.43)  
Axisymmetric simulations 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

0.437 

0.437 

0.109 

0.437 

0.437 

0.437 

0.875 

0.437 

0.437 

0.437 

0.437 

1.25 0 

0 .31  0 

1.25 0 

0.0625 0 

1.25 0 

1.25 0 

1.25 0 

1.25 0 

1.25 0 

1.25 0.48 

1.25 -0.48 

0.04 

0.04 

0.04 

0.04 

0.04 

0 

0.04 

0.04 

0.08 

0.04 

0.04 

5 

2.8 

4.9 

1.6 

5.2 

5.4 

5.4 

5.4 

4.4 

5.5 

5.1 

.78 

0 

.48 

0 

.75 

.74 

.93 

.88 

.74 

.53 

.83 

.033 
- 

.031 
- 

.042 

.061 

.086 

.028 

.035 

,087 

,039 

Planar 2-D simulations 

12  0 .437   6 .25~10 '~   1 .25  0 0.04 1-1 .25 4.5*  .86 .083 

13+ m 6 . 2 5 ~ 1 0 - ~   1 . 2 5  0 0.04 0.30 .O22 2.2 0 - 
1 4 t  (same  as 13 but with evaporation) 0.67  .20  4.0 .26  .05 

* @ - = 11.7 tij 
h 

t These two runs have been  normalized by the same  value of 0 = 22.87 ndsec as the  others although it would be 
more  appropriate to use w = 10 m/sec for 1/13 and 17.1  m/sec for #14 .  
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Figure 7. Contours of constant  horizontal  velocity  as a function 
of r and z at t = 350 secs  and 1000 secs (tQ/h = 
5 & 14.3) for o/h = 0.31 and 0.0625. 
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Figure 8. Contours  of  constant  potential  temperature as a  function 
of  r  and z at t = 350 secs  and 1000 secs (t.CS/h = 
5 ti 14.3) for a / h  = 0.31 and 0.0625. 
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Figure 9. Zontours of constant  vertical  velocity as a function 
of r and z at t = 350 secs  and 1000 secs (tQ/h = 
5 & 14.3) for  o/h = 0.31 and 0.0625. 
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Figure 11. Contours of constant  total  velocity  variance  as 
a function  of r and z at t = 350 secs  and 
1000 secs for zo/h = 6.25 x 10-5 and 6.25 x . 
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Figure 12. Contours of constant  horizontal  velocity as a function 
of r  and z at t = 350 secs and 1000 secs f o r  
w./& = 0.109 and 0.875. 
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Figure 13. Contours of constant  potential  temperature as a function 
of r and z at t = 350 secs  and 1000 secs f o r  
w./G = 0.109 and 0.875. 
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Figure 14. Contours of constant  horizontal  velocity  as  a  func- 
tion of r and z at t = 350 secs  and 1000 secs 
for rah/Ae = 0.48 and -0.48. 
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Figure 15. Contours of constant  potential  temperature  as  a 
function of r and z at t = 350 secs  and 1000 
secs  for r,h/Ae = 0.48 and -0.48. 
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Figure 16. Contours of constant  total velocity  variance  as 
a function of r and z at t = 350 secs  and 
1000 secs  for rah/Ae = 0.48 and -0.48, 
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Figure  17.  Contours of constant  horizontal  velocity as a func- 
tion of r and z at t = 350 secs  and  1000  secs 
for C,h/Q = 0 and 0.08. 

23 

I 



1600, 
8 

A8 
" - 

n 

= 260 
t = 350 secs 

Y 

N 

0 

L 
Y 

N 

A 

=5 
Y 

N 

n 

I 
Y 

N 

600, 

A 

C,h/G = 0.08 

t = 350 secs 

Figure 18. Contours of constant  potential  temperature as a  func- 
tion of r and z at t = 350 secs  and 1000 secs 
for Cah/Q = 0 and 0.08. 
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It  has  even  less  influence at earlier  times in the  simulation. 
At large  distances  from  the  center  of  the  downdraft,it  does  aid 
in  slowing  the  advance of the  gust  front. 

In nature, the  downdraft  is  seldom  if  ever  precisely  axisym- 
metric. We can  partially  determine  the  influence  of  geometry 
by  studying  the  changes  induced  by  converting  from an  axisymmetric 
simulation  to  a  planar,  two-dimensional  simulation.  This  is  shown 
in Fig. 19. In this  Cartesian  case,  the  gust  front  moves 
more  rapidly  than  its  axisymmetric  counterpart  and  maintains  its 
strength  out  to  greater  horizontal  distances.  This  difference 
appears  to  be  brought  about  directly  by  continuity in the  outflow 
layer.  With  the flow cross-sectional  area  increasing  with  in- 
creasing  r  in  the  axisymmetric  case,  either  the  outflow  velocity 
or  the  depth  of  the  outflow  must  decrease.  This  area  change 
does not exist in the  Cartesian  case. 

The results  of  simulating  the  limiting  case  of  a  neutral 
downdraft  is  shown in  Fig. 20. In this  case  the  characteristic 
normalizing  velocity  is  taken  as  the  velocity  of  the  downdraft 
at  the  top of  the  domain.  The  flow  is  that  of  a  turbulent  stag- 
nating  jet  with  no  influence of  gravity. In addition  to  the 
scaling  down of the  velocities,  the  character  of  the  flow  is 
quite  different  with no distinct  gust  front. 

In all of the  previous  simulations  the  potential  temperature 
defect  is  prescribed  by  inflow  conditions  at  the  top  of  the  domain 
and  there  are no energy  sources  or  sinks  within  the  flow.  As  a 
result  of  a  separate  contract  for  the  Naval  Air  System  Command, 
we have  been  able  to  incorporate  water  change  of  phase  into  our 
Cartesian  case  (Ref. 14). This  permits  us  to  simulate  evaporative 
cooling  which  is  nature's  forcing  function  for  the  potential 
temperature  defect.  Figures 21 to 2 4  show  the  results of repeating 
the  previous  calculation  for no A0 in  the  downdraft  at  the  top 
of the domain, but permitting  it  to  have  a  liquid  water  content. 
The  maximum  virtual  potential  temperature  defect  is 5.6 and  occurs 
300 secs  after  the  start of the run. The  absolute  temperature of 
the  air  actually  rises  as  the  air  moves  down  into  regions  of 
higher  pressure  by  compression.  But  in  order  to  stay  saturated 
at  the  higher  absolute  temperature,  it  evaporates  some  of  the 
liquid  water  present  and  is  cooler  than  it  would  be  if  it  descended 
along  a  dry  adiabatic  curve.  Evaporative  cooling  allows  the  velocity 
in this  case  to reach  a  value  which is 2.5 times  larger  than  that 
for  the  neutral  downdraft. 
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Figure 19. Flow variables  as  a  function  of  y  and z at t = 1000 secs  for  the  simulated 
planar  downdraft; (a) horizontal  velocity, (b) potential  temperature, 
(c) vertical  velocity,  and (d) total  velocity  variance. 
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Figure 21. Contours of constant  horizontal  velocity for the 
downdraft of Fig. 20 with  evaporation  at t = 200, 
500 and 1000 secs. 
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Figure 22. Contours of constant  potential  temperature  for  the 
downdraft of Fig. 20 with  evaporation at t = 200. 
500 and 1000 se'Es. 
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Figure 23. Contours of constant  vertical  velocity f o r  the  down- 
draft of Fig. 20 with  evaporation at t = 200, 500 and 
1000 secs. 
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Figure 2 4 .  Contours of constant  total  velocity  variance f o r  
the  downdraft of Fig. 20 with  evaporation at 
t = 200, 500 and 1000 secs. 
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Pressure  Distributions 

Since  efforts  are  underway  to  develop  gust  front  detectors 
based  on  pressure  jump  sensors (Refs. 15 and 16), we include  model 
predictions  of  pressure  perturbation  distributions  in  Figs.  25 
to 28. Figure  25  shows  the  time  evolution of the Ap for  our  base 
case. To interpret  the  results  for  other  values  of A 0  and h , 
Ap should  scale  linearly with -gA0h . Note  that  the  modest  pres- 
sure  rise  associated with the  gust  front  is  followed  by  a  pressure 
dip  before  the  steady  climb  to  the max Ap on the  centerline. 

The pressure  distribution  for  smaller  o/h  is  shown  in  Fig. 
26.  This  decrease  in  downdraft o decreases  the  pressure  jump 
associated with the  gust  front. On the  other  hand,  Fig. 27 shows 
that  increasing  the  mass  flow  of  cold  air  by  increasing Wj/G 
increases  the  pressure  jump  associated with the  gust.  The  sur- 
face  roughness  has  a  much  more  modest  influence  on Ap , as  may 
be  seen in Fig.  28. 

Conditions  Leading  to  Most  Severe  Wind  Shear 

The  strongest  wind  shear  conditions  are  likely  to  occur 
under  the  center of  a  moderately  small  diameter  downdraft.  For 
o/h z 0.3 , the  downdraft  is  sufficiently  large  that  the  core  can 
penetrate  to  the  surface  before  the  potential  temperature  defect 
is  eroded  by  turbulent mixing,  yet  sufficiently  narrow  that  the 
maximum  radial  outflow  occurs  at  a  small  radius  (-0.8h).  Under 
these  conditions  the  horizontal  wind  shear  will  scale  as 
[(glAOl/Toh) (1 + wi/G2)I' . This  appears  to  be  the  type of  down- 
draft  that  occurred  over  the  runway in Denver',  Colorado on  August 
7, 1975.  The  simulated  flight  of  a  Continental  Airlines  727 
through  such  a  downdraft  was  detailed  in  Ref. 2. The  sharp l o s s  
in  air-speed  appeared  more  responsible  for  the  aircraft  accident 
than  the  negative  mean  vertical velocity, 

Fujita  (Ref. 10) defines  a  "downburst"  as  a  downdraft  with 
a  vertical  velocity  greater  than 3 . 6  m/sec  at 91 m  altitude. 
Due to  the  approximate  linearity  of  the  vertical  velocity  with 
respect to altitude  near  the  surface,  our  model  suggests  that  the 
vertical  velocity  at  this  particular  reference  height  should  also 
scale  with [(gIAOI/Toh)(l + wj/G2)]' . Our  simulation  case  #2 
suggests  the  proportionality  constant  is  such  that  the  downburst 
criterion  will  hold  whenever 

0.01 

Although  the  wind  shear  conditions  are  not  quite  as  strong 
near  the  gust  front,  they  are  perhaps more  dangerous  because  such 
conditions can extend  many  kilometers away  from  the  center  of  the 
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Figure 25. Contours of constant  pressure  perturbations for the 
base case at consecutive  eimulation times. 
Ap given  in  millibars for ae = -10'K , h = 1.6 km . 
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Figure 26. Contours  of  constant  pressure pertllrbations for 
a/h = 0.31 at t = 350. ( A p  in  millibars  for 

A0 = -100K , h = 1.6 km ) 
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Figure 27. ConGours  of  constant  pressure  perturbations for 

w./w = 0.875 at t = 350. (Ap in millibars f o r  
A d  = -10'K , h = 1.6 km ) 
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Figure 28. Contours of constant  pressure  perturbations  for 
z,/h = 6.25 x 10-6 at t = 350. ( t p  in  millibars 
for A 0  = -1O0K , h = 1.6 km ) 
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downdraft  and  are  highly  transient. Thus, the  pilot  is  much  more 
likely  to  be  surprised by the  gust  front.  From  the  preceding 
section  it  may  be  seen  that  decreasing  the  surface  roughness, 
increasing  the  diameter of the  downdraft,  increasing  the  downdraft 
velocity  at  the  top  of  the  domain,  increasing  the  potential 
temperature  defect,  and  increasing  the  height  at  which  the  down- 
draft  is  released  all  add  to  the  persistence of the  gust  front. 

It is  interesting  to  note  that  the  conditions which lead  to 
strong  winds in  the  gust  front  several km from  the  center of the 
downdraft  are  not  the  same  as  those  which  lead  to  strong  wind 
shear  at  the  center. In particular,  increasing  h  will  decrease 
wind  shear  at  the  center  while  it  increases  vertical  wind  shear 
in  the  gust  front  at a large  fixed radius. 
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111. WAX4 'FRONT 

The  warm  front is  quite  different  from  the  thunderstorm  gust 
front. It typically  involves  significant  horizontal  tempera- 
ture  gradients  over  distances  of  a  few  hundred  kilometers. In 
our  previous  reports  (Refs. 1 and 2), the  influences  of  this 
baroclinicity  was  simulated  by  introducing  a  vertical  gradient 
of  the  geostrophic  wind  into  our  one-dimensional  planetary 
boundary  layer  model.  This  appears  to  give  a  quite  valid 
representation of the  boundary  layer  flow.  The  difficulty  lies 
in  determining  appropriate  geostrophic  wind  profiles. In the 
present  section we use our  two-dimensional  model so that  the 
pressure  gradients  may  be  internally  determined  by  the  dynamics 
of the  front. 

Well  above  the  surface  boundary  layer  the  slope  of  a  warm 
front  is  expected  to  be  determined  by  the  stable  balance  between 
hydrostatic  and  Coriolis  forces  as  given  by  Margules'  relation- 
ship  (Ref. 16) 

Au fTo 
R Frontal  Slope = ( 4 )  

Our  simulation will  impose  this  slope  condition  at  the  top  of 
the  domain.  At  the  ground,  the  surface  roughness  and the  ground 
temperature  are  specified. The  vertical  profiles  of  wind  and 
turbulence  far  ahead  and  far  behind  the  front,  where  there  are 
no baroclinic  effects,  are  set  using  the  one-dimensional 
boundary  layer  model. 

The  largest  source  of  uncertainty  introduced  into  the  model 
is  the  specification of the  stream functionacross the  top  of 
the  domain (2 km in  the  present  computations). The  slope  con- 
dition  of E q .  ( 4 )  was  applied  to  the  other  model  variables  but 
we were  unable to find  a  simple  way  of  applying  this  constraint 
to  the  stream  function. We guessed  at  the  horizontal  transition 
between  the stream function  value  at 2 km height  well  ahead  of 
the  front  and  that well  behind  the  front.  We  believe  the  results 
below 500 m  altitude  which  are  of  primary  interest  to us, should 
be  a  valid  simulation of that  likely  to  occur  in  a  front. 

Scaling  Relationships 

The  purpose  of  this  section  is  to  determine  the  dimension- 
less  parameters  that  significantly  affect  the  structure  of  a 
front, and  to  provide  what  information  is  available  about  what 
affect  they  have. 

The  only  dimensional  parameters  entering  the  simulation  as 
outlined  in  the  previous  section  are Au8, g ,  T o ,  f ,  
ug , vg Y zo and 'surface , where  is  taken  parallel  to 
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the  front  and V normal  to  the  front.  We  could  also  formally 
include  the  viscosity  and  thermal  conductivity of  air.  However, 
for  the  large  Reynolds  numbers  appropriate  for  this  atmospheric 
flow, the  turbulent  transport  of  momentum  and  heat  will be 
determined  by  the flow with  essentially no dependence  on  these 
two  molecular  transport  coefficients.  By  taking  the  surface 
temperature  to  be  in  equilibrium with the  air  ahead  of  the front, 
we also  eliminate Bsur-a&e from.  the  list.  The  remaining  eight 
parameters  can  be  grouped  to  form  four  independent  dimension- 
less  variables.  These  may  be  taken  as 

fAu  T 
Margules'  parameters 

Ro = 3 5 -  Y a  Rossby  number 
zO 

and  two  velocity  ratios  Au /u and  vg/ug . 
g g  

In cases  of  principal  interest  for  determining  aviation 
hazards, we expect u on  one  side  of  the  front .to  be much 
larger  than  that on t8e  other  side  and  also  much  larger  than  any 
normal  velocities. Thus, in  these  interesting  cases,  the  last 
two  velocity  ratios  should  remain  roughly  fixed  at 1 and 0, 
respectively.  This  leaves  the  low-level  warm  front  structure 
determined  by M and Ro.  Changing Ro affects  the  structure 
of the  surface  layer.  However,  in  the  neutral  case,  it  was 
shown  in  Ref. 1 that  appreciable  changes (i.e., factors  of 
10-100)  are  required  to  exert a  significant  influence  on  this 
structure.  In  the  next  section, we show  simulations  of  two 
fronts  which  are  identical  except  that zo is  changed  from 
0.001 to 0.1 . This  variation  spans  the  range  of  major  interest. 
It is  seen  that  the  structure of the  front  is  only  moderately 
influenced  by  this  change. Thus, the  effect  of  this  parameter 
seems  to  be weak. 

If  the  dependence  of  the  solution  on  the  two  velocity  ratios, 
Au /ug and v /u , and on the  Rossby  number  are neglected, then 
thg variations'wi!!h respect  to $1 can  be  adsorbed  by  appropriate 
scaling  of z and y . When z is  normalized  by  Aug/f , y by 
gAO/Tof , 0 by A0 , and  all  velocities  by  Aug  then  the 
slope  of  the  front  above  the  boundary  layer will always  be  one 
in  this  normalized  donain.  The  parameter M can then  only 
enter  the  problem  weakly  through  the  other  three  parameters. 
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Simulation  Results 

Due to  the  large  disparity  between  two  characteristic  times 
in this  front  calculation,  it  has  proved  to  be  a  much  more  dif- 
ficult  numerical  calculation  than  that  of  the  gust  front.  The 
numerical  time  increments  must  remain  small with comparison 
to  the  Brunt-Vaisala  period  of  the  most  stable flow in the  front. 
This  limits  the  step-size  to  a few seconds.  However,  the  simula- 
tion  must  be run for  a few hours  to  permit  Coriolis  forces  to 
be  properly  balanced.  Consequently,  approximately 1000 computa- 
tional  steps  are  required.  Because of this, we have  made  a 
modification  to  the  turbulence  modeling  to  keep round-off  errors 
from  becoming  a  problem  after  this  large  number  of  steps. 

Figures 2 9  to 32 show  the  results  of  a  simulation  with 
M=O. 006 and Ro = 108 . The  flow  was  initialized  by  imposing 
a  transition  of  all  the  primary  variables  from  that  for  one- 
dimensional,  barotropic  flow  far  ahead  of  the  front  and  far  be- 
hind  it.  The  transition  is  given  a  thickness  of 100 km about 
a  line  with  slope M . The  figures  show  the  structure  of  the 
front  after  approximately  four  hours  of  simulated  time.  During 
the run, all  variables  are  held  fixed on both  sides  which  are 
640 km apart.  We  show  only  the  central  part  of  the flow below 
1 km altitude. 

Figure 2 9  shows  the  mean  wind  parallel to  the front.  This 
is  the  component  with  the  strongest  wind  shear. An aircraft 
descending  through  the  air  ahead  of  the  front will  have  the  wind 
first increasing  and  then  decreasing.  The  horizontal  variations 
occur  slow  enough  that  an  aircraft  descending on a 3 O  glide 
slope  will  be  principally  affected  by  the  vertical  wind  shear. 

The  other  principle  flow  variables  which  accompany  Fig. 29 
are  shown  in  Figs. 3 0 - 3 2 .  The  strong  damping  effect  of  the 
stable  temperature  gradient  on  the  turbulence  is  readily  ap- 
parent  in  Fig. 3 2 .  The  horizontal  gradients  of  all the  variables 
are  slightly  stronger  at  the  surface  than  they  are  at 1 km. Ap- 
parently  the  convergent flow induced  by  the  surface  layer  has  a 
stronger  influence  than  the  higher  turbulence  at  the  surface. 

The  effect  of  increasing  surface  roughness  is  shown in 
Figs. 3 3 - 3 6 .  The turbulence  level  near  the  surface on the  cold 
side of the  front is significantly  higher.  The  other  variables 
are  changed  remarkably  little. 
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Figure  29 .  D i s t r i b u t i o n  of mean wind p a r a l l e l   t o  a warm 
f r o n t   n e a r  t h e   s u r f a c e   f o r  Ro = 108 . Contours 
normalized by t h e   t o t a l  Auo ac ross   t he  f r o n t .  
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Figure 30. Distribution of mean  wind  normal  to  a  warm  front 
near the surface  for Ro = 108 . Contours  normalized 
by 'max = 0.18Au . 
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Figure  3 1 .  D i s t r i b u t i o n  of po ten t i a l   t empera tu re   t h rough  
a w a r m  f r o n t   n e a r   t h e   s u r f a c e   f o r  Ro = 108 . 
Contours normalized by t o t a l  ne ac ross   t he  
f r o n t .  



Figure 32. Distribution of the  total  velocity  variancg  through 
a warm  front  near  the  surface f o r  Ro = 10 . 
Contours  normalized by q2 = 0.0056 (Au ) 2  . max g 
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Figure  3 3 .  D i s t r i b u t i o n   o f  mean wind p a r a l l e l   t o  a w a r m  
f r o n t   n e a r   t h e   s u r f a c e   f o r  Ro = 106 Contours 
normalized by t h e   t o t a l  nuv a c r o s s   t i e  f r o n t .  
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Figure 3 4 .  Distribution of mean  wind  nor  a1 to a  warm  front 
near  the  surface  for Ro = 10 'g . Contours 
normalized by V = 0.18Au . max %!3 
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Figure 35. Distribution  of  potential  temperature  through  a 
warm  front  near  the  surface for Ro = 106 . 
Contours  normalized by total A0 across  the 
front. 
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Figure 3 6 .  D i s t r i b u t i o n  of t h e   t o t a l  velocity variancg  through 
a warm f r o n t   n e a r   t h e   s u r f a c e  for Ro = 10 . 
Contours  normalized by qAax = 0.056(Au ) '  . 
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IV. SUMMARY AND  RECOMMENDATIONS 

Scaling  relationships  have  been  given  for  the  wind  shear  and 
turbulence  existing  near  the  surface  in  either  a  thunderstorm 
gust  front  or  a  synoptic  scale  warm  front.  Decreasing  the  sur- 
face  roughness,  increasing  the  diameter of the  downdraft,  in- 
creasing  the  potential  temperature  defect,  increasing  the  height 
at  which the  downdraft  is  released,  and  increasing  the  downdraft 
velocity  at  the  top  of  the  domain all  add to  the  persistence 
and  strength  of  the  gust  front. 

The  gust  front  was  scaled  in  terms  of  our  simulation  model 
parameters.  Further  work  should  be  done  to  relate  these  model 
parameters  to  quantities  which  are  measurable in  thunderstorm 
environments.  The  quantities Af3 , h , cr , are  all  related 
to  conditions  within  the  parent  thunderstorm b:? are  not  readily 
available.  Parameters  more  usually  available  are  those  derivable 
from  the  prestorm  soundings  such  as the temperature,  dew  point 
and  wind  profiles.  The  maximum Af3 possible  to  drive  the  gust 
front  would  beobtained  by  assuming  that  mid-tropospheric  air  is 
cooled  to  its dew point  by  falling  rain  and  then  descends  along a 
moist-adiabatic  curve  to  the  surface.  Estimates  based on available 
prestorm  soundings  is  beyond  the  scope  of  the  present  report. 

In the  simplified  geometry of our  model  gust  front we have 
not introduced  any  mean  velocity  parallel  to  the  gust  front. 
Observations  (Ref. 17) often  also  show  significant  jumps  in  this 
wind  component.  We  believe  that  our  model  could  also  be  used 
to  exemplify  the  role  of  this  wind  component in the  gust  front 
dynamics.  Such  a  velocity  could  be  particularly  important  in 
analyzing  the  pressure  variation  associated with the  front. 

The  warm  front is  shown  to  be a  function of four  dimension- 
less  variables.  The  parameter  inducing  the  strongest  influence, 
Margules' slope  parameter,  can  be  incorporated  into  the  scaling 
of the  front  structure.  Simulation  runs  were  made  to  determine 
the  influence of Rossby  number.  Further  runs  should  be  made  to 
determine  the  influence of the  two  velocity  ratios  needed  to 
completely  specify  the  geostrophis  winds  before  and  after  the 
front. 

The  wind  profiles  obtained  in  the  warm  front  simulations 
appear  to  be  quite  similar  to  those  calculated in  Ref. 1 by 
assuming  vertical  geostrophic  wind  gradients.  Xowever,  the  present 
computation  gives  us  consistent  relationships  between  the  vertical 
temperature  gradient  and  the  vertical  geostrophic  wind  gradients. 
The  horizontal  thickness  of  the  warm  front  above 1 km altitude 
is  thicker  than  anticipated.  This  introduces  the  question  as  to 
how important  change  of  phase o f  the  water  molecule  which  usually 
accompanies  a  strong  warm  front  is  to  the  dynamics  of  the  front. 
If  there  is  significant  change  in  relative  humidity  across  the 
front,  then it  is  possible  that  condensation on the  warm  side  of 
the  front  and  evaporation  on  the  cold  side  can  act  to  sharpen 
the  temperature  gradient  across  the  front.  This  is  a  problem we 
would  like to  pursue in  the  future. 
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TURaUiENT TRANSPORT  MODEL OF A 

THUhDEESTORM GUST FROfiT 

1 4 .  E.  Teske  and W .  S. Lewel len  

A e r o n a u t i c a l   R e s e a r c h   A s s o c i a t e s  
of P r i n c e t o n ,   I n c .  
50 Washington Road 

P r i n c e t o n ,  New J e r s e y  0 8 5 b C  

1. INTRGDPCTOX 

The l o c a l   g u s t   f r o n t   c r e a t e d  by t h e  
r a i n - c o o l e d   o u t f l o w   f r o m  a s e v e r e   t h u n d e r -  
s torm i s  2 familiar phenomenon.  The 
d o w n d r s f t   i m p i n g e s   u p o n   t h e   s u r f a c e  of  
t h e   e a r t h   a n d   s p r e a d s   r a d i a l l y   o u t w a r d ,  
g e n e r a t i n g   s u b s t a n t i a l   w i n d s p e e d   v a r i a -  
t i o n   a n d   l a r e e   w i n d s h e a r   n e a r  i t s  l e a d i n g  
edce   anb  a t  i t s  core .   The   deve loDinE "" ~~ ~ ~ ~ ~ ~ ~ ~ 

g u s t   f r o n t  may ex tend   more   t han  2C kk 
from t h e   s t o r m  (Goff, 1975)   and   poses  B 
s e r i o u s   h a z a r d   t o   s a f e   a i r c r a f t   o p e r a -  
t i o n s .   S e v e r a l   a c c l d e n t s   o v e r   t h e  l a s t  
few y e a r s   a p p e a r   d i r e c t l y   a t t r i b u t a b i e  
t o   e i t h e r   t h e   d o w n d r a f t  o r  i t s  accompany- 
i n g   o u t f l o w   ( W i l l i a m s o n ,   L e w e l l e n ,   a n d  
Teske ,  1 9 7 7 ) .  

P r o b a b l y   t h e   m o s t   d e t a i l e d   n u m e r i c a l  
model of  t h i s  phenomenon  prev ious ly   p re-  
s e n t e d  i s  t h a t  by M i t c h e l l  ( 1 0 7 5 ) .  He 
s i m u l a t e d   t h e   g u s t   c i r c u l a t i o n   u s i n g  a 
p r i m i t i v e   e q u a t i o n   m o d e l   w i t h  n o  d i r e c t  
t u r b u l e n t   t r a n s p o r t .   I n s t e a d ,   h e   i n -  

a n i s m s   t o   s u p p r e s s   a n y   i n s t a b i l i t i e s   i n -  
c l u d e d   s e v e r a l   n u m e r i c a l   d a m p i n g  mech- 

h e r e n t   i n   h i s   s c l u t i o n   a p p r o a c h .  A l -  
t h o u g h   h i s   r e s u l t s   a r e   I n   q u a l i t a t i v e  

t h e   p r o b l e m   w a r r a n t s   t h e   u s e  of a con- 
a g r e e m e n t   w i t h   o b s e r v a t i o n s ,  we b e l i e v e  

s i s t e n t   t u r b u l e n t   t r a n s p o r t   m o d e l .  

been   under   deve lopment  f o r  s e v e r a l   y e a r s  
a t  A.R.A.P. ,   wi th  work summarized i n   a n  
ea r ly  r e p o r t  by  Donaldson  (1973)  and  more 
r ecen t   pape r s   by   Lewe l l en  ( 1 9 7 7 )  and 
Lewel len ,   Teske ,   and   Donaldson   (1976) .  
T h e   s e c o n d   p a p e r   ( b y   L e w e l l e n )   d e t a i l s  
t h e  e x t e n s i v e   m o d e l   c o n s t a n t   d e t e r m i n a -  

An i n v a r i a n t   m o d e l  of t u r b u l e n c e   h a s  

~~~ ~ ~ ~~ ~ ~~ ~ ~ 

t i o n   f o r   I n c o m p r e s s i b l e ,   B o u s s i n e s q  
flows, t h e   d e v e l o p m e n t  of a d y n a m i c   s c a l e  
e q u a t i o n ,   a n d   t h e  similarities o f   o u r  

~ ~~ ~ 

a p p r o a c h - w l t h   t h e  work of o t h e r   I n v e s t i -  
g a t o r s .  I n  r e c e n t  work we have  simu- 
l a t e d   c o m p l i c a t e d   f l o w   p r o b l e m s   w i t h i n  
the rma l   p lumes   (Teske   and   Lewe l l en ,   1976) ,  

Teske ,  1 9 7 6 ) ,   a n d  m u l t i p l y - s h e d   a i r c r a f t  
c o a s t a l  boundary l a y e r s   ( L e w e l l e n   a n d  

v m t l c e s   ( R i l a n l r . ,   T e s k e ,   a n d   W i l l l a m s o n ,  
1 9 7 7 ) .   I n   t h i s   p a p e r  we c o n s i d e r   t h e  flax 
s t r u c t u r e   a r o u n d   a n   i d e a l l z e C   c o l d  o u t f l o r -  
from a t h u n d e r s t o r m .  

2 .  THE MODELED EQC'L.TIONS 

The  equat i0r .s  f o r  Vor t lCi tY n , 
s t r eamfunc t io f i  $ , p o t e n t i a l   t e m p e r s s u r e  
0 , and t h e   s e c o n d - o r d e r   t u r b u l e n t   c o r r e -  
l a t i o n s   n e e d e d   t o   c l o s e   t h e   s e t   a r e   E L v e r  
i n  Appendix A i n   a n   a X I s y m e t r i c   c o o 7 5 i n E t e  
sys t em.  A d e r i v a t i o r .  of t h e   R e y m l d s   e w a -  
t i o n s  for  t h e   s e c o n d - o r d e r   t u r b u l e n t   c o r -  
r e l a t i o n s ,  2nd a d i s c u s s i o n  of  t h e  model 
d e v e l o p m e n t   a n d   c o n s t a n t   e v a l u a t i o n ,  ma? 
b e   f o u n d   i n   L e w e l l e n   ( 1 9 7 7 ) .   S e v e r a l  
v a r i a b l e s   a r e   n o r m a l i z e d  by r t o   i n s u r e  
a n a l y t i c i t y   a t  r = 0 . T h e s e   v a r i a b l e s  
are deno ted  by t h e   o v e r - t i l d e  . 

i n   f i n i t e - d i f f e r e n c e   f o r m  on a nonun1forr.l::- 
s p a c e d   g r i d   a n d   s o l v e d   w i t h  a c e n t e r e d -  
s p a c e ,   f o r w a r d - t i m e   a l t e r n a t i n g - d l r e c t i o n -  
i m p l i c i t   a l E o r i t h m .   T h e   P o i s s o n   e q u a t i o r .  
is e v a l u a t e d   u s i n g  a f a s t   d i r e c t   e l ? i p t i C  

Sweet ( 1 9 7 5 ) .  
s o l v e r   d e v e l o p e d   b y   S w a r z t r a u b e r   a n d .  

3 .  PROBLEM DEFINITION A N D  IMiTIALIZATIGN 

The d i f f e r e n t i a l   e q u a t l o n s   a r e   w r i t t e r  

T h e   s i m u l a t e d   f l o w f i e l d  i s  i l l u s t r a t e d  
i n   F i g u r e  1. We i d e a l i z e   t h e   o u t f l o w  f r O r r .  
t h e  t h u n d e r s t o r m  as a c o l d   . l e t   o f  temoera- 
t u r e   a d ( r )   i m p i n g i n g   n o r m i l   t o   t h e  . 
v e r t i c a l   v e l o c i t y  W d ( r ) .  T h e   t e r , p e r a t u r e  
g r o u n d ,   r e l e a s e d  a t  a h e i g h t  zmaX w i t h  

~ . . ~  ~~ ~ 

d e f e c t   b e l o w   t h e ~ a m b i e n t   t e m p e r a t u r e  is 
caused  by e v a p o r a t i o n   o f   f a l l i n g   r a i n  by 
r e l a t i v e l y   d r y  a i r  a t  some a l t i t u d e  
z > zmax . For o u r   s i m u l a t i o n  we s e t  

'dmax 

maximum v a l u e  of -10 m/sec.   Both Wd 
c o l d   J e t  s e t  t o  t h e  somewhat a r b l t r a r y  

d i s t r i b u t i o n s   n l t h  a r a d i a l   s p r e a d  of  2 kr. . 
and ad are  assumed t o   h a v e   G a u s s i a n  

T h e   h e i g h t   o f   t h e   s i m u l a t i o n   d o m a i n  i s  s e t  
a t  hax = 1600 m . The  co ld   downdraf t  

= - 1 O O C  , w i t h   t h e   v e l o c l t y   o f   t h e  

Presented a t  10th Conf. on Severe Local Storms, Oct. 18-21, 1977 ,  Omaha, NE. 
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r ."  

t h e   s u r r a c e .  The t u r b u l e n c e  i s  I n i t i a l -  
l a t i n €  them. linearly t o  zerC v a l u e s   a t  

l z e b  a s  i s o t r o p i c .  The m a x i m u m  i n i t i a l  
v a l u e  o r  q 
smal l  t h a t  Tf'is q u i c k l y  dominated bv 

= 3 rr/sec is s u r r i c i e n t l  

t u r b u l e r r   p r o d u c t i o r .   T h e   s i x u l a t i o n  
is r u n  f o r  1200 s e c o n d s   a f t e r   i n i t i a l i z a  
t i o n ,  at which   t ime   t he  Iead:n,- edpe of  
t h e  g u s t  f r o n t  e x t e n d s  a p p r o x i m a t e l y  
E h-m fro, t h e   c e n t e r   o f   t h e   d o w n b r a f t .  

b ,  SI!?.'iA?IG!: RESULTS 

P. good w a : ~  t o  fo l low t h e   s t r u c t u r e  
of  t h e   d e ' J e i o p i n f   g u s t  i s  t.c o b s e r v e   t h e  
movement 0: a f ixed   t e rF8e ra tu re   va lue  
l i n e ,  i n  t h i s  c a s e  0 = - 2 O C  2 s  Showr. i r .  
F i g u r e  2 .  P.t t = 0 t h e  i r , : t ia l  l i ~ e a ?  

b I. I,L 

, : I /  
-L:d- - <-. . . . . , 

2 m o  1c.x .GO/ LOOI  'MI. I r n C  800" 

Tip . .  Isopleths of conf i tan t  temperacure 
defect  (6 - - 2 W  at  several t i m e s  a f t e r  

prc.*:?e i s  shown,  but b y  t = :OC. s e c  th- 
initlalirarian. 

s t r u c t u r e   h a s   d e v e l o p e d  i r tc .  a m c v i n r  

t o r n  alias fro%. t h e   d o w n d r a f t  r e ~ i ? r , .  A t  
?rant. Pt t = 342: s e c  t h ?  ?roc: h a s  

d e c r e a s e s  a s  t h e   e f f e c t  o r  t h e   a r e a   c h a r . ? ?  
l a t e r   t i n e s   t h e   s t r e n c t h  o f  t h e  €US: 

becor .es   more   impor tan t .  Hcwe:.er, t h e  
h e i g h t  o f  t h e   g u s t   ? ? F e a r s   t c .  gr?r: slwl:;, 
sc t h a t  by t = l0OC s e c  t h e  0 = - ? O r  

l i n e   r e a c h e s   n e a r l y  1 kr i n  a l T l t u d e  E: i 
d i s t m c e  OC n e a r l y  e kr. fror. t h e  s o u r c e  
c e n t e r l i n e .   T h e   f r o n t  is still q u i t e  

ward 2 t  approx ima te ly  2.f m/sec.  L s e -  
s t r o n E  2 t  t h i s  p o i n t ,  and i s  movinc o u t -  

quence of  o v e r p r i n t   1 n t e n : i t y   c r o s s -  

I. ", 

s e c t i o n e l  Drofiles f o r  E 1s Shown In 
F i g u r e  3. Th i s   s equence   shows   t he   i n l t : i !  
d r o p p i n g  o f  t h e   c o o l e r   t e n p e r a t u r e  ( a i  
t = 100 s e c ) ;   t h e   f o r m a t i o n  of  t h e  f rcr . ta :  

~~ ~~~~ ..  ". 

c r o s s - s e c t . i o n s   ( a t  t = 200  s e c ) ;  t h e  

t = QOO s e c ) ;  t h e  development o r  wave? c-. 
t e a r i n g  o f  t h e  ?rmt from t h e   c c r e  (t:: 

t h e   t e m p e r a t u r e   I n t e r f a c e  (b:; t = 72:. 
s e c ) ;   a n d   t h e   e s t a b l i s h m e r t  o r  2 fairl:: 
S t e a d y   t e m p e r a t u r e   s t r u c t u r e  at l a t e   t i r r r r  
?or t h e   f r o n t   a n ?   c e n t r a l   c o r e   r e r i o n r .  

p l u t s  f o r  t h e   r a d i a l   v e l o c i t y  ti and 
v e r t i c a l   v e l o c i t y  W a r e   s h o w  i n  
F i g u r e s  4 and 5 .  The V v e l o c i t y  sh?wz. 
t he   deve lopmen t   o f  a l i n e  o f   d e m a r c a t i c r  
b e t w e e n   t h e  flow away f ror .  and  toward t h ~  
a x i s  a t  an a l t i t u d e   b e t w e e n  600 m and 1 k r .  

Accompeny ing   c ros s - sec t iona l   con tour  
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Fig.  3. Overprint   in tensi ty   cross-sectLona1  prof i les   for   the  t ime-his tory  temperature   within  the  gust  
f ront   s imula t ion .  The darkes t   a reas   cor respond  to   the  maximum temperature  defect  of 0 - -1OOC while 
t h e  minus s i g n  (-) corresponds t o  -1.82OC 5 0 5 -0.73OC . The h o r i z o n t a l   s c a l e  is i n  1 km increments; 
t h e   v e r t i c a l ,   1 6 0  m increments. Time is given on the   f igure   in   seconds .  
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T h i s   l i n e  shows t h e  hump o v e r   t h e   g u s t  
f r o n t ,   t h e   i n c r e a s e d   r a d i a l   v e l o c i t i e s  
w i t h i n  t h e  f r o n t   r e g i o n s   a n d   t h e   i n c r e a s e d  
v e l o c i t i e s   a t   a l t i t u d e   i n  t h e  i n f l o w   t o  
c o n s e r v e   m a s s   a l o n g   c y l i n d e r s   o f   c o n s t a n t  
r . The U v e l o c i t y   r a p i d l y   r e a c h e s  a 
naximm. of  abou t  25 m / s e c   n e a r   t h e   s u r f a c e  
a n d   r e m a i n s   r e l a t i v e l y   c o n s t a n t .   T h e  W 
p r o f i l e s  show t h e   d e v e l o p m e n t   o f   d i s t i n c -  
t i v e  up a n d   d o w n d r a f t s   a c r o s s  t h e  f r o n t  
r e g l o n .  A most h t e r e s t i n g   f e a t u r e  i s  

. . . . . . .  .. , - . . . . .  . . .  
). . . . . . .  

F i n .  4 .  Contour p l o t s  for t h e   r a d i a l   v e l o c i t y  
U a t   s eve ra l   t imes   a f t e r  flov i n i t i a l i z a t i o n .  
Normalization is by a maximum v e l o c i t y  of 25 
m/sec. The f igu re   no ta t ion  is  i n   p e r c e n t  of =x- 
i m u m ;  thus ,  P - 90 t o  100%; 7 - 70 t o  BO%, 
5 - 50 t o  60%; 3 = 30 t o  40%; 1 = 10 t o  20%; 
-t - 1%; - - -1%; 2 - -10 t o  -20%; 4 -30 t o  -40%; 
6 -50 t o  -60%; 8 I: -70 t o  -80%; H I -90 t o  -100%. 
The horizontal   scale   increment  is 1 km; t h e  ver- 
t i c a l   s c a l e  160 m . 
5 4  

t h e   l o c a t i o n   o f  maximum W , w i t h i n   t h e  
cen t r a l   co re   be tween   600   and   900  m . A l -  
t hough  we are f o r c i n g   a n   i n f l o w   o f  1 0  
m / s e c ,   t h e   s i m u l a t i o n   d e t e r m i n e s  a maxi- 
mum downdra f t  j e t  o f   o v e r  1 8  m/sec i n   t h e  
c o r e .  

The  computed  wind f i e l d s  are  i n  
q u a l i t a t i v e   a g r e e m e n t   w i t h   t h e   o b s e r v a -  
t i o n s   o f   G o f f   ( 1 9 7 5 , 1 9 7 6 ) .   T h e  maximum 
h o r i z o n t a l   v e l o c i t y   a n d  maximum u p d r a f t  

......... ....... ,...:: 4;. j "  

;!;e ' i . . 
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... 

....... 
<. . 

, ... . . . . .  . . . .  . . . .  , . .  -. , , I .  

. . . . .  

. . . .  
! . I _ : : . .  ' :  : ,.... : : .  . ,.,.... , . . . . . . . .  . . . . . . . .  ,... . . . . .  I .  . . . . . . .  
i'i8, ;; . . .  , . ..... . . . . . .  I.::. 
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Fig. 5.  Contour   p lo t s   fo r   t he   ve r t i ca l   ve loc i ty  
W a t  s e v e r a l  times a f t e r   f l o w   i n i t i a l i z a t i o n .  
Normalization i s  by a maximum v e l o c i t y  of 25 
d s e c .   F i g u r e   n o t a t i o n  is descr ibed   in   F ig .  4. 



v e l o c i t y  are  c l o s e   t o   t h o s e   u s u a l l y  ob- 
s e r v e d .  Our model r e s u l t   d o e s   g i v e  a 
more s h a r p l y   d e f i n e d ,   i n t e n s e   d o w n d r a f t  
t h a n   G o f f   u s u a l l y   o b s e r v e d  w i t h  h i s   t o p  
v e r t i c a l   v e l o c i t y   s e n s o r  a t  4 4 4  m . How- 
e v e r ,   h e   d o e s   r e p o r t   ( G o f f ,  1976) t h e  
o c c u r r e n c e  of  a d o w n d r a f t   i n   e x c e s s  of 
-11 m/sec a t  t h e  1 7 7  m l e v e l .  So our 
maximum mean v a l u e   o f  =-9 m/sec a t   t h i s  
l e v e l   a p p e a r s   r e a s o n a b l e .  

A s t r a i g h t   t r a d e o f f   b e t w e e n   p o t e n t i a l  
e n e r g y   a n d   k i n e t i c   e n e r g y   s u g g e s t s   t h a t  
t h e  maximum w i n d s   i n   t h e   g u s t   f r o n t  w i l l  
va ry   rough ly  as t h e  s q u a r e   r o o t  of t h e  
p roduc t  o f  t h e  t e m p e r a t u r e   d e f e c t   a n d  
t h e  c h a r a c t e r i s t i c   h e i g h t   o f  t h e  r e g i o n  
of d e p r e s s e d   t e m p e r a t u r e s :  

1/2 
'ma x )  

T h i s   r o u g h   s c a l i n g   a g r e e s   s u r p r i s i n g l y  
w e l l   f o r   b o t h  t h e  maximum v e l o c i t y   o f  
t h e  downdraf t   and t h e  maximum v e l o c i t y  of  
t h e  r a d i a l   o u t f l o w .   T h e  maximum mean 
v e l o c i t y   o c c u r s   a t  some a l t i t u d e   b e f o r e  
t he  j e t  s t a r t s   t o   s t a g n a t e  as  i t  ap- 
p r o a c h e s   t h e   s u r f a c e .   T h u s   t h e   h e i g h t  
a s s o c i a t e d  w i t h  W is l e s s  t h a n  t h e  
c o r r e s p o n d i n g   h e i g h t   f o r  U . 

The a s s o c i a t e d   c o n t o u r   p l o t s   o f  
t o t a l   v e l o c i t y   v a r i a n c e   a n d   v e r t i c a l  
v e l o c i t y   v a r i a n c e  are  shown 
i n   F i g u r e s  6 and 7 a t  t = 1 2 0 0  s e e .  
Here we see a s u b s t a n t i a l   t u r b u l e n c e  
l e v e l  w i t h  q % 0 .4  Uma, n e a r  t h e  
s t a g n a t i o n  po%F of  t h e  f low,   and  a l e s s  
s e v e r e   l e v e l   w i t h i n  t h e  g u s t   i t s e l f .  The 
e v a l u a t i o n   o f   a n   e d d y   v i s c o s i t y   c o e f f i -  
c ien t   formed  f rom iiF and 'dU/az 
( F i g u r e  8 )  shows a s u b s t a n t i a l   c r o s s -  
s e c t i o n a l   c h a n g e   a c r o s s   t h e   c o m p u t a t i o n a l  
domain   and   consequent ly  a measure   o f  t h e  
e r r o r   I n v o l v e d   i n   u s i n g  a c o n s t a n t   e d d y  
c o e f f i c i e n t .  The s t rong   damping  of t h e  
t u r b u l e n c e  a t  t h e  i n t e r f a c e   b e t w e e n  t h e  
co ld   ou t f low  and  t h e  a m b i e n t   a i r   f o ? c e s  the 

Fig. 6. Contour plot of the total velocity 
variance q at t = 1200 sec. Normalization is 
by the maximum root-mean-square velocity of 10.2 
m/sec. Notation is described in Fig. 4. 

Fig. 7. Contour plot of the vertical velocity 
variance at t = 1200 sec. Normalization 
is by the maximum-root-mean square velocity of 
8.5 rnlsec. Notation is described in  Fig. 4 .  

I....... .... I............,. ."....... ........... ............................. , ..... ... .... ,............ ... .. . ._.  
Fig. 8. Contour plot of the  effective eddy v i s -  
cosity coefficient K = -iiii/(aU/az) at t = 1200 
sec. Normalization is by a  value of 100 m2 /set, 
although the P and M regions contain K values 
substantially larger. Notation is described in 
F i B .  4. 
m a r k e d   r e d u c t i o n   i n  eddy v i s c o s i t y   a n d  p e r -  
mits t h e  development  o f  s t r o n g   w i n d   s h e a r .  

The m o d e l   s i m u l a t i o n   p r o v i d e s  a con- 
p l e t e   d e s c r i p t i o n   o f   t h e  mean wind  and 
t u r b u l e n c e  f i e lds  f r o m   i n i t i a l i z a t i o n  a t  
t = 0 s e c   t o  t = 1 2 0 0  s e e .  All o f   t h e  
d e v e l o p i n g   c r o s s - s e c t i o n a l   p r o f i l e s   f o r  " _  - 
$, u, w, n, 8 ,  A ,  U W ,  u e ,  we, e 2 ,  UU, V V ,  

" 

- 
and ww h a v e   b e e n   s t o r e d   o n   t a p e   a n d   a r e  
a v a i l a b l e   t o   i n t e r e s t e d   u s e r s   f o r  a nom- 
i n a l   c o p y i n g  fee .  

To u n d e r s t a n d  some of t h e  b a s i c   v a r -  
i a b i l i t y   o f  t h e  g u s t   s i m u l a t i o n ,  we p e r -  
f o r m e d   t w o   f u r t h e r   g u s t   f r o n t   c a l c u l a t i o n s .  
I n  t h e  f i rs t  we se t  t h e  i n f l o w   s p r e a a  of 
t h e  W v e l o c i t y   e q u a l   t o  500 m , whi le  
i n   t h e   s e c o n d ,  we r a n   t h e  2 km c a s e   i n  a 
C a r t e s i a n   c o o r d i n a t e   s y s t e m   ( t h e r e b y  s l m -  
u l a t i n g  a s q u a l l - l i n e ) .   T h e   c r o s s - s e c -  
t i o n a l   p r o f i l e s  are a l l  q u a l i t a t i v e l y  
similar t o   t h e   r e s u l t s  shown h e r e .   F i -  
g u r e s  9 and 1 0  show t h e   p r o f i l e s   f o r  
U and W i n   t h e  500 m rad ia l  c a s e .  
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When t h e  spread o f   t h e   d o w n d r a f t   J e t  
i s  reduced  by a f a c t o r  of  4 ,  t h e  maximum 
U and W v e l o c i t i e s   r e m a i n   e s s e n t i a l l y  
unchanged i n   t h e   c o r e   r e g i o n   b u t  are  
s u b s t a n t i a l l y   r e d u c e d  a t  t h e   f r o n t ,  as  
can  be seen   by   compar ison  w i t h  c o r r e s -  
p o n d i n g   f r a m e s   i n   F i g u r e s  4 and 5 .  The 
l i n e  of  d e x a r c a t i o n   b e t w e e n   o u t f l o w   a n d  
i n f l o w  U v e l o c i t y   d r o p s   f r o m   a b o u t  
60C m t o  300 m , w i t h  t h e  g u s t   s p r e a d i n g  
o n l y   a b o u t  5 km . T h e   i n c r e a s e d   s h e a r   i n  
t h e  c e n t r a l   s h a f t   d o u b l e s   t h e   t u r b u l e n t  
k i n e t i c   e n e r g y   t h e r e .  

I n  t h e  C a r t e s i a n   c a s e   t h e   s q u a l l -  
l i n e   d o e s   n o t   h a v e   a n   a r e a   c h a n g e   t o  
a f f e c t  i t ;  c o n s e q u e n t l y  t h e  s i m u l a t i o n  
i n d i c a t e s   t h a t   t h e   g u s t   f r o n t  i s  s t r o n g e r  
and   moves   more   rap id ly   than  i t s  axisgm- 
m e t r i c   c o u n t e r p a r t .   T h e  maximum U n e a r  
t h e . s u r f a c e   r e a c h e s  2u  m/sec  and Wma, = 
le m/sec   in  t h e  c o r e .   T h e   t u r b u l e n c e   i n  
t h e   c o r e  i s  n e a r l y   d o u b l e   t h e   t u r b u l e n c e  
n e a r  r = 0 i n   t h e   r a d i a l   g u s t .  The  
two-d imens iona l   geomet ry   a l lows  t h e  g u s t  
f r o n t   t o   s p r e a d   t o   a b o u t  1 0  km a t  t = 
1 0 0 0  s e c ,  w i t h  a f r o n t a l   s p e e d  cf about  
7 . 5  m / s e c ,   n e a r l y  t h r e e  times i t s  a x l -  
symmet r i c   va lue .  The l i n e   a l o n g   w h i c h  
U c h a n g e s   s i g n  r i s e s  t o   a b o u t  1 2 0 0  m . 

.... 

. . . .  

. .  
::. 2 
...... 

Fig .  9 .  Contour p l o t s   o f   t h e   r a d i a l   v e l o c i t y  U 
at two times a f t e r   f l o w   i n i t i a l i z a t i o n   v i t h  a 
downdraft  spread of 500 m . Normalization is by 
25 m/sec;  notation is described in Fig .  4. 

T h e   s i m p l e   p o t e n t i a l   a n d   k i n e t i c  
e n e r g y   b a l a n c e   i n d i c a t e s   t h a t  t h e  s imula -  
t i o n   h e i g h t  zmax and maximum tempera- 
t u r e   d e f e c t  8dmax are c r i t i c a l   p a r a -  
meters i n   d e t e r m l n i n g   t h e  maximum s p e e d s  
w i t h i n   t h e   d o w n d r a f t   s h a f t   a n d  t h e  r ad ia l  
f r o n t .  Even a f a c t o r   o f   t w o   i n c r e a s e   i n  
b o t h   t h e s e   p a r a m e t e r s   w o u l d   p r o b a b l y   n o t  
lead t o  a s u b s t a n t i a l   c h a n g e   i n   t h e  
q u a l i t a t i v e   c h a r a c t e r   o f   t h e   r e s u l t s  
p r e s e n t e d   h e r e .  With a s t r o n g e r   c o n v e r -  
g e n t   f l o w ,   t h e   g u s t   f r o n t   w o u l d   p r o b a b l y  
move outward  a t  a s lower  r a t e ;  however ,  
t h e   v e l o c i t y   p a t t e r n s   w i t h i n   t h e   f r o n t  
s h o u l d   a g a i n   r e m a i n   f a i t h f u l   t o   t h e   s l m u -  
l a t i o n   p r e s e n t e d   h e r e .  

T h e   t e m p e r a t u r e   p r o f i l e s  show a 
s l i g h t   c u r v a t u r e  a t  t h e  l e a d i n g   e d g e .  
T h i s  e f f e c t ,  as well  as t h e   s c r u b b i n g   o f  
t h e   w i n d s   a l o n g  t h e  s u r f a c e ,   d e p e n d s  
i n t i m a t e l y  on t h e   d i f f e r e n c e   b e t w e e n  t h e  
s u r f a c e   a n d   a r b i e n t   t e m p e r a t u r e s ,   a n d   t h e  
s u r f a c e   r o u g h n e s s .  One w o u l d   e x p e c t   t h a t  
i n c r e a s e d   s u r f a c e   r o u g h n e s s   w o u l d   a c c e n -  
t u a t e   t h e   a p p e a r a n c e   o f   t h e   l e a d i n g   e d g e  
as t h e   f l u i d   c l o s e   t o  t h e  s u r f a c e  i s  more 
r e s t r i c t e d   t h a n   t h e   f l u i d   a b o v e  i t .  The 
h e i g h t  and  shape of  t h e   f r o n t   r e g l o r .   a l s o  
should   be  a f u n c t i o n  o f  t h e  a m b i e n t   s t a -  
b i l i t y  of t h e  a tmosphe re .  
;::. ! : ...... . .  

.... _ .  . .... ..... , .. .... . . . .  . . . .  . . . . .  , .. 
I . .  

Fig .   10 .  Contour p l o t s   o f   t h e   v e r t i c a l   v e l o c i t y  
W a t  two t b e s  a f t e r   f l o w   i n i t i a l i z a t i o n   w i t h  
a  downdraft  spread of  500 m . Normalization i s  
by 25 m/sec;  notation i s  described  in Pig. 4 
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5. CONCLUDING REMARKS 

This  simulation  demonstrates the 
relative  ease  with  which  a  second-brder 
closure  turbulent  model  may  be  used to 
predict a  decidedly  complex  fluid  flow 
problem  with  only a  minimum of essential 
assumptions  on  appropriate  boundary  con- 
ditions. The evaluation of the modeling 
constants,  the  burden of which  falls on 
much  simpler  flow  problems,  has  permitted 
the  application of the model to  flow  situa- 
tions  where  very few assumptions  must  be 
made,  a  priori,  about  the  internal  tur- 
bulent and mean  flow  structure. 

With the wind  distribution  and  tur- 
bulence  modeled,  it  is  possible to pre- 
dict  the  environment  an  aircraft  might 
encounter  while  flying  any  assumed 
trajectory  through the flowfield. This 
has  been  done by Williamson,  Lewellen, 
and  Teske  (1977)  in  an  attempt to  simu- 
late the  environment  present  at the time 
of three  different  thunderstorm-related 
accidents  occurring  at  Denver  on  Aug. 7, 
1975,  Chattanooga  on  Nov.  27, 1973, and 
St.  Louis  on  July  23,  1973. The aircraft 
accident  which  occurred  at  JFK  airport  on 
June 24, 1975  also  appeared to irlvolve 
flying  directly  through  an  intense  down- 
draft  cell on final  approach  (Fujita, 
1976  and Lewellen,  Williamson, and Teske, 
1976)  but  it was  further  complicated by 
the  presence of a  sea-breeze  front. 

If an aircraft  were  flown  through  the 
center of downdraft  at an altitude  of  a 
few hundred meters, it  would  lose  30-40 
m/sec  airspeed in a  few  kilometers as 
seen  in  Figure 4. This, even  without the 
accompanying  downdraft,  produces  an  ex- 
tremely  hazardous  situation  for  an  air- 
craft flying -20 m/sec  above  its  stall 
speed.  Conditions  within  the  gust  front 
are not  quite  as  extreme  but  are  more 
difficult  to  anticipate  because  they 
occur so far  from the storm  center.  We 
expect to do a  sensitivity  analysis on 
our  model to  determine  which  outflow 
parameters  lead to the worst  gust  front 
wind  shear  conditions. 
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APPENDIX A .  

The  modeled   ax isymmetr ic   equa t ions  E = -2ruw - - 2ww E - [WW - q2/31  
- a w  - aw 

of  motion f o r  t h e  mezn v a r i a b l e s   ( d e n o t e d  ar 
by c a p i t a l s )   a n d   t h e   t u r b u l e n t   c o r r e l a -  
t i o n s   ( l c w e r - c a s e )  may be w r i t t e n   i n  
t h e   c o o r d i n a t e   s y s t e m  shown i n   F i g v r e  1 
as f o l l o w s  : 

where 

Ac - - l a  h 
and U and W a r e  found by s o l v i n g   t h e  - -  A u e  + L ( u e )  + { v , q ~ u e )   P o i s s o n   e q u a t i o n   f o r   t h e   s t r e a m f u n c t i o n  J ,  

ucqA a% 
r ar + - -  

- T h e   m o d e l i n g   c o n s t a n t s   c a r r y   t h e  

Dt ar az A 
h. D e 2  = -2rue  E - 2~ E - 2bsq 3 + L ( e 2 )  

- v a l u e s :  v = 0 . 3  ; A = 0.75 ; b = 0.125 ; 
C 

s = 1.8 ; s1 = -0 .35 ; s2  = -0 .6  ; 

s 3  = 0 .375  ; and s4  = G . 8  . The  equa- 
@ = -2ruu - - a i i  - 2r2uw - - a6 - 2uU ij ar az t i o n s   I n c l u d e   g r a v i t y  g a n d   s u r f a c e  

t e m p e r a t u r e  O0 . 
- 1 [uU - q 2 / 3  3 - 2 b 0 3  + L ( K )  

2 - - v ~ ~ A ( u u - v v )  
" 

r2 
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